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FIBER OPTIC SENSING COIL WITH ISOTROPIC PROPERTIES 

BACKGROUND 

Field of the Invention 

The present invention relates generally to a fiber optic sensing coil. More 
particularly, the present invention relates to a fiber optic sensing coil that reduces 
measurement error, increases LD product (a product of the length and diameter of the 
coil) for the same volume, improves LD stability, and simplifies manufacturing 
processes. , ' . 

Background of the Invention 

A fiber optic sensing coil is commonly used in fiber optic rotation sensing 
devices, such as an interferrometric fiber optic gyroscope (IFOG). As is well-known, 
the fiber optic sensing coil is a continuous optical fiber wound in a circular or looped 
shape that acts as a sensing device to detect a Sagnac phase difference for two 
counter-propagating beams in presence of rotation. 

Fig. 1 shows a conventional optical fiber. As shown, optical fiber 10 typically 
consists of three main elements. A core 12 is a central section of the optical fiber and 
is the light transmitting region of the fiber and is usually made of silica. A cladding 
14 is an optical region that surrounds core 12 and is usually made of silica or hard 
clad silica materials. Finally, a coating 16 that has non-optical properties surrounds 
cladding 16. Coating 16 protects the silica structure (i.e., the core and the cladding) 
from physical and environmental damages. Typically, coating 16 includes one or 
more layers of a polymer composition. 
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FIG. 2 shows a cross sectional view of a portion of a conventional fiber optic 
sensing coil. The sensing coil includes a continuous optical fiber 22 wound upon a 
supportive spool 24. The windings of optical fiber 22 are potted within a matrix of 
adhesive bonding material 26. 
[0005] FIG. 3 shows an enlarged view of a portion of the wound coil taken at region 

3 of FIG. 2. As shown, optical fiber 22 includes a core 30, a cladding 32 around core 
30 and a coating 34 around cladding 32. As mentioned earlier, typically, core 30 is 
made of silica, cladding 32 is made of silica or hard clad silica material, and coating 
34 is made of one or more layers of a polymer composition. 
[0006] Many factors affect performance of a sensing coil, thereby affecting 

performance of a sensing device. For example, the product of the length and diameter 
(LD product) of the wound fiber optic sensing coil affects the sensitivity of a sensing 
device. Generally speaking, the greater the LD product, the greater the sensitivity and 
stability of the sensing device, and the lower the random noise. However, large coil 
volume resulting from greater fiber length or larger loop diameter (to achieve a higher 
LD product) requires increasingly bulky packages for the sensing device. 
[0007] Also, as is well known, when the core material has different physical 

properties as compared to the coating material of the optical fiber, anisotropic thermal 
stresses can be induced in the sensing coil, thereby introducing a bias error. Further, 
environmental factors, including variables such as temperature, vibration (acoustical 
and mechanical) and magnetic fields, can affect the measured phase shift difference 
between the counter-propagating beams, thereby introducing a further bias error. 
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In attempts to reduce the bias errors introduced by such factors, and thereby 
enhance the accuracy of the sensing devices, various symmetric coil winding 
configurations have been proposed. For example, U.S. Patent No. 4,793,708 (Fiber 
Optic Sensing Coil), which is incorporated herein by reference, teaches a symmetric 
fiber optic sensing coil formed by dualpole or quadrupole winding, and U.S. Patent 
No. 6,215,933 (Bifilar FOG Coil Winding Pattern with Improved Shupe Bias 
Canceling Properties), which is incorporated herein by reference, teaches a bifilar coil 
winding method. The bifilar coil winding method employs two identical parallel 
fibers, each one-half the length of the final coil wound between first and second 
spools so that the 'respective midpoint of each fiber is located between the two spools. 
Both parallel fibers are then wound to form a coil using the quadrupole or dipole 

winding technique. 

However, while the advantages of symmetric windings are recognized, this 
desirable arrangement has proven difficult to realize and there continues to be a need 
to improve the performance of sensing coils. 
BRIEF SUMMARY OF THE INVENTION 
[001 0] The present invention provides an improved fiber optic sensing coil (herein 

also referred to as a sensing loop) that reduces measurement error, increases LD 
product for the same volume, improves LD stability, and simplifies the manufacturing 
process of a sensing coil. The fiber optic sensing coil of the present invention may be 
used in sensing devices, such as a fiber optic gyroscope. 
[001 1 ] The fiber optic sensing coil of the present invention is formed with a non- 

coated optical fiber. In contrast to a conventional optical fiber, the non-coated optical 
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fiber does not include a coating made of polymer composition around the cladding. 
That is, the non-coated optical fiber employed in the present invention consists 
essentially of a core and cladding. The non-coated optical fiber is preferably made 
from uniform materials with isotropic properties. Once the non-coated optical fiber is 
wound, the claddings of turns of the non-coated optical fiber are fused to one another 
at points of mutual contact. 
[0012] The sensing coil of the present invention may be formed by winding the non- 

coated optical fiber in one direction, clock wise or counter clock wise, in a simple 
pattern in one coil and fused together during the sensing coil manufacturing process. 
Alternatively, the non-coated optical fiber may be wound on a pair of spools in two 
directions, clock wise and counter clock wise, in a simple pattern, then wound to form 
a coil. The wound coil is fused together by heating during the sensing coil 
manufacturing process, resulting in substantial isotropic properties for the entire 
sensing coil. 

[0013] The isotropic properties of the fiber optic sensing coil significantly lower 

measurement error in bias stability and scale factor. Further, the sensing coil of the 
present invention can be wound in a simple pattern since the anisotropic thermal 
stresses due to different properties of the fiber optic core and coating materials do not 
exist. Furthermore, by utilizing non-coated optical fiber, the sensing coil of the 
invention increases the LD product for the same volume. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[ 001 4 ] Figure 1 is a cross-sectional view of a conventional optical fiber. 
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[001 5] Figure 2 is a cross-sectional view of the layered windings of a sensing coil in 

accordance with the prior art. 
[001 6] Figure 3 is an enlarged view of a portion of the wound sensing coil taken at 

region 3 of Figure 2. 

[001 7] Figure 4 is a perspective view of a sensing coil according to a preferred 

embodiment of the present invention. 
[00 1 8] Figure 5 is an enlarged cross sectional view of a portion of the sensing coil 

taken at line V-V of Figure 4 according to a preferred embodiment of the present 

i • ' . 

invention. 

[001 9] Figure 6 is a perspective view of an optical fiber wound in two directions 

according to a preferred embodiment of the present invention. 
DETAILED DESCRIPTION OF THE INVENTION 

[0020] Reference will now be made in detail to the preferred embodiments of the 

present invention, examples of which are illustrated in the accompanying drawings. 

[002 1 ] Figure 4 shows a perspective view of a fiber optic sensing coil 40 in 

accordance with the present invention. As mentioned earlier, fiber optic sensing coil 
40 provides a critical element for sensing devices, such as a fiber optic gyroscope. In 
use, it is fixed to a platform whose rotation rate is to be measured. Sensing coil 40 is 
a particular example of a coil in accordance with the present invention. Sensing coil 
40 includes a continuous non-coated optical fiber 43 that is wound in a circular or 
looped shape that serves as an optical guide for receiving a pair of counter- 
propagating beams emitted from a common light source in a fiber optic gyroscope. In 
contrast to conventional optical fiber, non-coated optical fiber 43 does not include a 
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coating typically made of a polymer composition. Non-coated optical fiber 43 only 
includes a core and a cladding. To obtain such fiber, conventional optical fiber can 
be stripped of its coating. The non-coated optical fiber of the present invention is 
preferably made from uniform materials with isotropic properties. Non-coated 
optical fiber 43 may be wound upon a supportive spool including a pair of end 
flanges (not shown) during the sensing loop manufacturing process. 
[0022] Figure 5 shows an enlarged cross-sectional view of a portion of the wound 

coil taken at line V-V of Figure 4 of fiber optic sensing coil 40 of the present 
invention. As shown, non-coated optical fiber 43 includes a core 52, which is the' 
light transmitting region of the optical fiber and a cladding 54 around core 52. The 
core is typically made of silica. The cladding is typically made of silica or hard clad 
silica material. Once non-coated optical fiber 43 is wound, turns of the non-coated 
optical fiber are fused to one another at points of mutual contact. Specifically, the 
claddings of the turns of the non-coated optical fiber are fused to one another at 
points of mutual contact, as shown in the Figure 5 . 
[0023] The sensing coil of the present invention may be formed by winding the non- 

coated optical fiber in one direction, clock wise or counter clock wise, in a simple 
pattern in one coil and fusing the fiber strands together by applying heat. 
Alternatively, the non-coated optical fiber may be wound in two directions, clock 
wise and counter clock wise, in a simple pattern and fused together. Figure 6 shows a 
non-coated optical fiber wound in clock wise and counter clock wise directions, 
forming a coil 60 and a coil 62, respectively. Coil 60 and coil 62 are than joined (or 
spliced) at a center of the sensing coil. The optical fiber near the center of the sensing 
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coil may correspond to the optical fiber on outer layers of the coils. The inner layers 
of the coils may correspond to the optical fiber farthest away from the center of the 
sensing coil. Alternatively, the optical fiber near the center of the sensing coil may 
correspond to the optical fiber on the inner layers of the coils. The outer layers of the 
coils may correspond to optical fiber farthest away from the center of the sensing coil. 
Other winding configurations may be used. Heat to fuse the stands of fiber may be 
applied to the coil windings as the non-coating optical fiber is being wound upon a 
spool or after the completion of winding, or a combination of these techniques. 
[0024] In a conventional sensing coil, a difference in temperature expansion rates of a 

coating material and a cladding causes a build-up of internal stresses in an optical 
fiber during any change of the optical fiber temperature from a stress-free reference 
temperature. A time dependent change of axial stresses in a longitudinal element of 
the optical fiber subjected to varying temperature are defined as follows: 

Ei. - Young's Modulus 

ai. - Coefficient of Thermal Expansion 

A. - Cross-sectional Area 

Ni. - Normal (Axial) Stress 

x - Time 

8Nj. /5x - Change Rate (Time Derivative) of Normal (Axial) Stress 
5T/5x - Change Rate (Time Derivative) of Temperature 
i. = 1 glass cladding 
i = 2 plastic coating 

Stress in glass cladding: 

5N,/5x = [(a 2 - a,)*E,*E 2 *A 2 / (E 2 *A 2 + E,*A0 ]* 5T/5x 
Stress in plastic coating (negative sign means a compressive load): 

6N 2 /6t = [(a, - a 2 )*E,*E 2 *A, / (E 2 *A 2 + E,*A,) ]* 5T/5x 
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[0025] The elimination of interaction of the optical portion of the fiber (i.e., cladding) 

and the coating improves the overall stability of the sensing coil. This is a direct 
result of isotropic properties of the sensing coil. That is, the sensing coil expands 
with temperature at the same rate in all directions. For example, consider a 
conventional single loop of optical fiber consisting of a coating which expands at rate 
of Z ppm/°C and a glass cladding which expands at a rate of less than lppm/°C. 
Since the coating expands Xtime faster than the glass cladding, the coating tries to 
stretch the glass cladding, thus inducing a stress to the optical fiber. The problem 
becomes much more complex when multiple loops of optical fiber are formed into a 
solid coil. The coating will expand much faster than the glass in a situation where the 
optical fiber is constrained by the adjacent optical fibers. The interaction between the 
coating and glass cladding can apply significant amount of stress to the optical fiber. 
In contrast, in the present invention which employs a non-coated optical fiber, a 
single loop of an optical fiber can expand unconstrained without being stressed. Even 
when multiple loops are formed into a coil, the optical fiber can expand unconstrained 
since the coil consist of a single material it expands in isotropic manner and the 
optical fiber is not stressed. 
[0026] To summarize, the sensing coil of the present invention is preferably formed 

with non-coated optical fiber with isotropic properties. The isotropic properties of the 
fiber optic sensing coil provide significantly lower measurement error in bias stability 
and scale factor, thereby enhancing the accuracy of the sensing devices. Further, use 
of complex winding configurations to compensate for induced anisotropic thermal 
stresses is not needed, thereby simplifying the manufacturing process. 
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[0027] Additionally, since bonding material and fiber polymer coating are not used, 

the volume of the sensing coil can be reduced. Furthermore, by using non-coated 
optical fiber, in comparison with using the conventional coated optical fiber, the LD 
product of the sensing coil is increased for the same volume, thereby increasing the 
stability of the sensing device. 

[0028] As mentioned earlier, the fiber optic sensing coil of the present invention may 

be used in a fiber optic gyroscope and similar optical devices. 

[0029] The foregoing disclosure of the preferred embodiments of the present 

invention has been presented for purposes of illustration and description. It is not 

i 

intended to be exhaustive or to limit the invention to the precise forms disclosed. 
Many variations 'and modifications of the embodiments described herein will be 
apparent to one of ordinary skill in the art in light of the above disclosure. The scope 
of the invention is to be defined only by the claims appended hereto, and by their 
equivalents. 

[0030] Further, in describing representative embodiments of the present invention, 

the specification may have presented the method and/or process of the present 
invention as a particular sequence of steps. However, to the extent that the method or 
process does not rely on the particular order of steps set forth herein, the method or 
process should not be limited to the particular sequence of steps described. As one of 
ordinary skill in the art would appreciate, other sequences of steps may be possible. 
Therefore, the particular order of the steps set forth in the specification should not be 
construed as limitations on the claims. In addition, the claims directed to the method 
and/or process of the present invention should not be limited to the performance of 
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their steps in the order written, and one skilled in the art can readily appreciate that 
the sequences may be varied and still remain within the spirit and scope of the present 
invention. 
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